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How transcription factors interpret the output from signal
transduction pathways to drive distinct programs of gene
expression is a key issue that underpins development and dis-
ease. The ubiquitously expressed basic-helix-loop-helix leucine
zipper upstream stimulating factor-1 binds E-box regulatory
elements (CANNTG) to regulate a wide number of gene net-
works. In particular, USF-1 is a key component of the tanning
process. Following UV irradiation, USF-1 is phosphorylated by
the p38 stress-activated kinase on threonine 153 and directly
up-regulates expression of the POMC,MC1R,TYR,TYRP-1 and
DCT genes. However, how phosphorylation on Thr-153 might
affect the activity of USF-1 is unclear. Here we show that, in
response toDNAdamage, oxidative stress and cellular infection
USF-1 is acetylated in a phospho-Thr-153-dependent fashion.
Phospho-acetylated USF-1 is nuclear and interacts with DNA
but displays altered gene regulatory properties. Phospho-acety-
lated USF-1 is thus proposed to be associated with loss of tran-
scriptional activation properties toward several target genes
implicated in pigmentation process and cell cycle regulation.
The identification of this critical stress-dependent USF-1 mod-
ification gives new insights into understanding USF-1 gene
expression modulation associated with cancer development.

The ability of a cell to direct specific programs of gene regu-
lation that enable it to adapt to changing environmental cues is
mediated by the response of transcription factors to signal
transduction pathways. Whether a gene is activated will there-
fore depend on a combination of the repertoire of transcription
factors thatmay decorate its promoter, togetherwith signaling-
dependent post-translational modifications of those factors
that regulate their interaction with specific transcriptional
cofactors. A further level of regulationmay be achieved if signal

transduction-induced post-translational modifications of tran-
scription factors lead to alterations in their ability to bind dif-
ferent sets of genes. However, the molecular mechanisms
underpinning post-translational-dependent targeting of tran-
scription factors to distinct gene sets is relatively unexplored.
The basic-helix-loop-helix leucine zipper transcription fac-

tor USF-1 binds to characteristic E-box elements via base-spe-
cific DNA contacts with its basic region and can homo- and
heterodimerize with the related USF-2 transcription factor (1,
2). The USF-1 and -2 genes are ubiquitously expressed albeit
with different ratios depending on the cell type (3). Although,
USF family members share similar DNA-binding properties,
their functions are not completely redundant. USF-1�/�/
USF2�/� double knockout mice, and the heterozygous USF-
1�/�/USF-2�/� mice are lethal at the embryonic stage, while
heterozygous USF-1�/�/USF-2�/� mice are viable (4, 5).
Because 6-bp E-box motifs (CANNTG), including the

canonical sequence (CACGTG) and theM-box subtype (CAT-
GTG), are well represented within promoter sequences, USF
proteins regulate transcription of a wide variety of genes
involved in the immune response (Ig Chain, C4) (6), glucid and
lipid pathways (Glucokinase, L-pyruvate kinase, insulin, fatty
acid synthase, and apolipoprotein) (7), cell cycle (CDK4,
CCNB1, and CDC2) (8, 9), and cell proliferation (TERT and
TGFB2) (10, 11). Previously we implicated theUSF-1 transcrip-
tion factor as a key stress-responsive, regulatory element of the
pigmentation cascade in response to UV stimulation (12, 13).
Following UV irradiation, USF-1 is phosphorylated on threo-
nine 153 by the p38 stress-activated kinase, leading to tran-
scription activation of key upstream components of the pig-
mentation signaling pathway (POMC and MC1R) (12), and of
genes implicated in pigment manufacturer (TYR, TRP-1, and
DCT) (15). However, although phosphorylation of USF-1 by
p38 leads to altered gene regulatory activity, the precise molec-
ular mechanisms underlying the regulation of USF-1 by p38
have not been fully determined.
We now demonstrate that USF-1 is subject to a post-trans-

lational modification cascade in which p38-dependent phos-
phorylation on Thr-153 is a pre-requisite to acetylation of
lysine 199 lying immediately adjacent to the USF-1 basic region
that in turn leads to altered gene regulation. Taken together our
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data highlight a novel mechanism that directs USF-1 to an
altered repertoire of target genes.

EXPERIMENTAL PROCEDURES

Cell Culture—Human 501mel, and mice B16F1 melanoma
cell linesweremaintained inRPMI1640medium (catalogue no.
21875-034, Invitrogen), supplemented with 10% fetal bovine
serum (FBS)3 and 1% penicillin-streptomycin antibiotics
(Invitrogen), in a controlled atmosphere (10% CO2).
BLM 1492 and CS6269 human fibroblasts, isolated, respec-

tively, from patients that displayed Bloom and Cockaine syn-
dromes (Coriell Institute for Medical Research, Camden, NJ)
were maintained in Dulbecco’s modified Eagle’s medium (Cat.
No. 41966-029, Invitrogen) supplemented with 10% FBS and
1% penicillin-streptomycin antibiotics in a controlled atmo-
sphere (5% CO2).
Cell Stimulations—DNAdamagewas obtained using specific

UV lights (UVB 312 nm and UVC 254 nm) using UV Stratal-
inker apparatus (Stratagene), methylmethane sulfonate (MMS:
0.2 mM and 1 mM), and hydroxyurea (2 �M). Oxidative stress
was performed with hydrogen peroxide (H2O2: 0–10 mM) and
menadione (0.1�M). Heavymetal stress was obtainedwith cad-
mium (5 �M) and arsenic (5 �M). Briefly, cells were plated at
50–70% confluence, depending on their doubling time, in 10-
and 3.5-cm diameter Petri dishes for, respectively, RNA and
protein preparation, such that they reached 80% confluence at
the harvesting time. 12 h before stress induction, medium was
replaced with medium containing only 1% FBS. Chemical
inductions were then obtained by adding specific compounds
directly into the medium. UVB induction was performed as
previously described (12).
When required, cells were pre-treated, for 1 h prior to stim-

ulation, with specific inhibitors of p38� and -� (10 �M

SB203580), p38� kinase (10 �M SB202190), mitogen-activated
protein kinase (10 �M U0126), Cyclin A2/B1-CDC2 (10 �M

roscovitin and 10 �M olomucin), phosphatidylinositol 3-kinase
(200 nM wortmannin), Braf protein (1 �M ZM336372), p70 S6
kinase (1 nM rapamycin), protein kinase A-protein kinase C
(100 nM bisindolylmaleimide), and the deacetylases (Trichosta-
tin A 100 nM to 10 �M). Stimulated monolayer cells were
washed twice with phosphate-buffered saline, harvested by
scraping and then centrifuged at a low speed. Cell pellets were
resuspended in either 350 �l of lysis buffer (Nucleospin� RNA
II extraction kit, Macherey-Nagel�, or RNeasy mini kit, Qia-
gen�) solution for mRNA extraction, or resuspended in Lae-
mmli buffer forWestern blotting analysis. To prevent action of
proteases, phosphatases and deacetylases, respectively, pro-
teases inhibitors (Roche Applied Science), phosphatases inhib-
itor (sodium fluoride 25 mM, orthovanadate 1 mM, and �-glyc-
erophosphate 25 mM) and deacetylases inhibitor sodium
butyrate (10 mM) were added to the medium before induction
and also in cells lyses buffer.
Viruses and Mycoplasma Infection—VSV strain (vesicular

stomatitis virus, a kind gift of A. Ruffaud) was amplified in vitro

usingVero cells. The titer, estimated by plaque assayswithVero
cells, was 5 � 106 plate forming units per ml (pfu/ml). Infec-
tions were performed in CS6269 fibroblasts and 501mel cells
with gradual dilutions of virus solutions. 24 h post-infections,
cells were recovered for Western blotting protein analysis.
The Mycoplasma hyorrhinis strain was isolated from

the supernatant of a contaminated cell line. Contamination
of CS6269, BLM1492, and 501mel cells, were monitored
by immunofluorescent staining using Hoechst solution,
included in 4�,6-diamidino-2-phenylindole mounting medium
(Vectashield�, Vector), according to manufacturer’s instruc-
tions. Contaminated cells were recovered also forWestern blot
analysis.
Cell Viability Analysis—Cell viability in response to H2O2

was analyzed in a 96-well plate. Briefly, 501mel cells were
plated at 1 � 104 cells/well, 8 h before H2O2 inductions,
which were performed at increasing concentrations from 50
nM up to 100 mM. 24 h post-induction, tetrazolium salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 5 mg/
ml (M2128, Sigma) was added at 0.5 mg/ml to the cell culture
medium. After 4 h of incubation (37 °C), the medium was
removed and 150 �l of DMSO was added to each well to solu-
bilize salt crystals. Percentage of cell viability was then analyzed
by measuring the DMSO-optical density, at 690 and 540 nm
with a Multiskan spectrophotometer, as the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide salt (yellow) is
transformed in formazan (purpal) by the mitochondrial deshy-
drogenase enzyme in viable cells. None-induced cells were used
as the reference.
Mutagenesis of USF-1 Transcription Factor—Wild-type

pCMV-USF-1 constructs with T153E and T153A mutants
have been previously described (13). The K188R, K199R,
K214R, K286R, K288R, and K306RUSF-1mutant forms were
obtained by single mutation of the WT pCMV-USF-1 using
the Stratagene� QuikChange� site-directed mutagenesis kit
(200518-5) according to the manufacturer’s specifications. All
vectors were sequenced previously to their use. Details of the
cloning strategies can be provided under request.
Transient Transfection Assays—501mel cells were plated in

10% FBS-supplemented medium and allowed to grow over-
night to 80% confluence. Transfections were performed using
FuGENE reagent (Roche Applied Science), according to the
manufacturer’s instructions using 1 �g of plasmid DNA for 6
wells plates or 6 �g for 10-cm Petri dishes. 48 h post-transfec-
tion, cells were or not induced with UVB (400 J/m2) or 1 mM

H2O2, for 3 h.
Western Blots—Whole cell lysateswere resolved by 10%SDS-

PAGE, using a 200:1 acrylamide:bisacrylamide ratio. Following
blotting, membranes were probed with appropriate primary
antibodies, and positive signals were detected using peroxi-
dase-conjugated anti-rabbit or anti-mouse antibodies, visual-
ized by ECL Super Signal Detection Kit (Pierce).
The primary antibodies used were the polyclonal anti-USF-1

(SC-229, Santa Cruz Biotechnology), anti-USF-2 (SC-861,
SantaCruz Biotechnology), anti-Lamin B (SC-6216, SantaCruz
Biotechnology), anti-acetylated-K (AB3879, Chemicon Inter-
national), anti-Ub (SC-6085, Santa Cruz Biotechnology), anti-
p38 antibodies (9212, Cell Signaling) and the monoclonal anti-

3 The abbreviations used are: FBS, fetal bovine serum; MMS, methylmethane
sulfonate; VSV, vesicular stomatitis virus; WT, wild type; Ab, antibody; ChIP,
chromatin immunoprecipitation.
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tubulin (T5201, Sigma), anti-P-p38 Ab (9211, Cell Signaling),
and anti-SV5 flag antibodies (MCA1360CA, Serotec).
Phosphoprotein Purification—Phosphoproteins purification

was performed from mycoplasma-contaminated BLM 1492
cells using the PhosphoProtein purification kit (37101, Qia-
gen�), according to the manufacturer’s recommendations.
Briefly, proteins that carry a phosphate group on any amino
acid are bound with high specificity to PhosphoProtein purifi-
cation resin, whereas proteins without phosphate groups do
not bind to the resin and can therefore be found in the flow-
through fraction.
ChIP—Chromatin immunoprecipitation assays were per-

formed inCS6268 and 501mel cell lines, as previously described
(12), and using �MACS Protein G MicroBeads (Miteney Bio-
tec). ChIP products were eluted and recovered by ethanol pre-
cipitation and resuspended in 100 �l of H2O for PCR. The
primers used to amplify the different promoters are available on
request.
Electrophoresis Mobility Shift Assays—The DNA-binding

mobility assays were performed using both mycoplasma-free
and mycoplasma-contaminated BLM 1492 whole cell extracts
or following 501mel cells transfection with various SV5 tag
USF-1 expression vectors following the protocol described pre-
viously (16). Either the consensus M box (5�-TCTCAGCCAA-
GACATGTGATAATCACTGT-3�) located in the human TYR
promoter (�183) or the derived E-box (5�-TCTCAGCCAA-
GACACGTGATAATCACTGT-3�) were 32P-labeled to used
as a probe. Supershift was obtained with the polyclonal anti-
USF-1 antibody.
RNA Extraction cDNA Synthesis and Expression Analysis—

RNAwas extracted by using theNucleospin�RNA II extraction
kit (Macherey-Nagel) or RNeasy mini kit, Qiagen according to
themanufacturer’s instruction. Recovered RNAwas quantified
using the Nanodrop device (Nanodrop Technology). Reverse
transcription reactions were carried out using the reverse tran-
scriptase avian myeloblastosis virus enzyme (11495062001,
Roche Applied Science) according to manufacturer’s specific
recommendations, with 1 �g of total RNA and 300 ng of ran-
domprimer (48190-011, Invitrogen). Gene expressionwas ana-
lyzed by quantitative reverse transcription-PCR in sealed
96-well microtiter plates using the SYBR� Green PCR Master
Mix (Applied Biosystems) using the ABI Prism 7000 Sequence
Detection System (Applied Biosystems), and the results were
evaluated using the associated software (version 1.2.3, Applied
Biosystems). Real-time PCR was also carried out in a 100-well
disc using the SensiMixPlus SYBR (QT605, Quantace) using
the Rotor-GeneTM 6000 (Corbett Life Science). The 18 S ribo-
somal RNA subunit, the values of which remain constant over
time, was used as a housekeeping gene. The relative amounts of
transcriptswere determined using the�Ctmethod. ThemRNA
levels at each time point following stimulation are expressed as
a -fold increase compared with non-stimulated control cells.
Each experiment was carried out at least twice, and each time
point was done in duplicate.
Forward (F) and reverse (R) primers were designed using the

Universal Probe Library Assay Design Center (Roche Applied
Science) and have been previously tested for their efficiencies

(data not shown). The human and murin primers used for
quantitative PCR are available on request.
Luciferase Assays—The pGL3-vectors used for tyrosinase

luciferase assays were previously described (13). 501mel cell
lines were platted in 12-wells plate in 10% FBS supplemented
medium 24 h prior to transfection. Cotransfections of 500 ng of
pGL3-vectors (TYR promoter �300/�80, TYR promoter
�300/�80 plusmutation of E box element environment�183)
with 500 ng of distinct pCMV-USF-1-expressing vectors (WT,
T153E, T153A, andK199R)were performed as above. 48 h after
transfection and 4 h after H2O2 (200 �M and 1 mM) treatment,
cells were recovered in 100 �l of luciferase assay lysis buffer,
and luciferase activitywas evaluated in 20�l with the Luciferase
Assay System (Promega), using a Microplate Luminometer
LB96V (EG & G Berthold).

RESULTS

New Stress-dependent Post-translational Modification of
USF-1—We have previously shown that the ubiquitously
expressed USF-1 transcription factor is a downstream target of
the UV-activated p38 kinase, leading to the appearance of a
phospho-USF-1 form (P-T153-USF-1), which can be distin-
guished by SDS-PAGE (Fig. 1A) (13). P-T153-USF-1 correlates
with the appearance of activated p38 kinase (P-p38), 1.5 h fol-
lowing treatment of B16F1 or 501mel melanoma cells, or fibro-
blasts with the DNA-damaging agents MMS (0.2 mM) or men-
adione (0.1 �M) treatments) (Fig. 1A). To analyze further the
implication of the USF-1 transcription factor in mediating the
stress response to these agents, we examined USF-1 protein
24 h post stimulation (Fig. 1B). The results indicate that MMS
treatment over 24 h induces the appearance of a novel 47-kDa
USF-1-specific band thatwe termM-USF-1 for “ModifiedUSF-
1,” which is specifically and predominantly observed by West-
ern blotting following long term stimulation of cells with addi-
tional inducers of cellular stress, hydroxyurea (2 �M), cadmium
(5 �M), or arsenic (5 �M) (Fig. 1B). These levels of stress induce
a full post-translational modification of the USF-1 transcrip-
tion factor. Comparable results are obtained in a dose- and
time-dependent manner when 501 melanoma cells are treated
with hydrogen peroxide (Fig. 1C). H2O2 treatment of cells also
induces the appearance of the 47-kDa USF-1 form when the
treatment lasts 4 h and theH2O2 dose is at least 1.25mM.Under
these conditions no post-translational modification of the
related factor USF-2 was detected. When samples were ana-
lyzed 24 h post H2O2 treatment (Fig. 1D), M-USF-1 appears
at lower doses (10 �M H2O2), which interestingly correlates
with a decrease of cell viability attested by the 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide test (Fig.
1E), and with the presence of ROS species, quantified using
the fluorescent H2-DCFDA Probe and FACS analysis (data
not shown). Also, with these specific dose stimulations (Fig.
1D), the three forms of USF-1 are concomitantly present,
indicating that the relative percentage of the three USF-1
protein forms in the cell is correlated with the type of cellular
stress, and the level of induction. Cell confluence is also an
important factor that seems tomodulate also the USF-1 ratio
(data not shown).

Stress-dependent Acetylation of USF-1
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Then, we investigated the possibility for USF-1 to be a down-
stream target of bacterial infection. M. hyorrhinis, one of the
most common strains found to infect tissue cultures cells, was
used over a 2-day time course. Immunofluorostaining to mon-

itor Mycoplasma contamination of CS6269 cells revealed the
presence of a low contamination level on day 1, which increased
dramatically on day 2, and correlated with the appearance and
increase of M-USF-1 (Fig. 1F). Comparable results were

FIGURE 1. Identification of a new USF-1 stress-responsive form. Western blot analysis of 501mel cell extracts after cells treatment using anti-USF-1,
anti-USF-2, anti-P-p38, and anti-�-tubulin or anti-Lamin B antibodies as loading control. A, cells recovered 1.5 h after UVB irradiation (312 nm 80 J/m2),
menadione (0.1 �M), and MMS (0.2 mM). B, 501mel cells extracts treated for 24 h with DNA-damaging compounds (hydroxyurea (HA): 2 �M, methyl methane
sulfonate (MMS): 0.2 mM) and heavy metal compounds (cadmium (Cd): 5 �M; arsenic (As): 5 �M). C, 501mel cells treated for 4 h with increasing concentrations
of hydrogen peroxide (from 0 to 10 mM). D, 501mel cells stimulated for 24 h using critical H2O2 concentrations (10, 40, and 100 �M) in the presence or not of the
specific p38 kinase inhibitor (SB203580 10 �M, 1 h before induction). E, the impact of oxidative stress on cell viability is assessed using an 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide test after 24-h H2O2 treatment (from 50 nM to 100 mM). F, M. hyorrhinis contamination (black arrow) of BLM1492
cells: contamination level is monitored by immunofluorescence using DNA staining (Hoechst) (negative image) and a time course induction of M-USF-1
formation is visualized by Western blotting analysis in relation to contamination level. G, CS6269 cells were infected with vesicular stomatitis virus (VSV) using
gradual dilutions (1:250, 1:500, and 1:1000) of a virus stock titrated at 5.106 plaque forming units per ml (pfu/ml). 24-h post-infection cells were recovered for
Western blotting analysis.
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obtained with different cell lines (501mel, B16F1, and
BLM1492), and high infection level could also lead directly to
the appearance of M-USF-1.
In addition to its cellular functions, the USF-1 transcription

factor also participates in virus gene regulation, and virus infec-
tion activates the p38 signaling pathway (17, 18). We therefore
evaluated whether biological insults also induced the appear-
ance of M-USF-1. To this end, we infected CS6269 fibroblasts
and 501mel cells with VSV. 24 h post-infection CS6269 cells
infected with increasing titers of VSV show a dramatic appear-
ance of the 47-kDa USF-1 band in a dose-dependent manner
(Fig. 1G). Again, the level of infection is sufficient to entirely
modify USF. Comparable results are observed in 501mel cells
usingVSV, or following herpes simplex virus infection (data not
shown). Thus, a wide variety of cellular stresses ranging from
viral and bacterial infection to DNA-damage can induce the
appearance of M-USF-1.

Characterization of the M-USF-1
Post-translational Form—We next
investigated the possibility that
additional phosphorylation events
were responsible for the appearance
of M-USF-1, because USF-1 is
reported to be a downstream target
of several different kinases (p38�,�,
Cyclin-CDC2, protein kinase A-
protein kinase C, and phos-
phatidylinositol 3-kinase) (6, 19-
21).We first used specific inhibitors
of each kinase pathway (respec-
tively, SB203580, roscovitin, olo-
mucin, bisindolylmaleimide, and
wortmannin) to facilitate the identi-
fication of the signaling pathway
responsible for the appearance of
M-USF-1. We also used additional
inhibitors (ZM336372, U0126,
rapamycin, and SB202190) to
explore possible roles of the BRAF-
mitogen-activated protein kinase
pathway, the P70S6 and p38�. As
shown in Fig. 2A, 24 h of MMS (0.2
mM) treatment results in the pre-
dominant appearance of M-USF-1,
which is only abrogated in the pres-
ence of the p38�,�-specific inhibi-
tor pathway (SB203580, 10 �M) but
not using the other inhibitors
tested, including SB202190, which
is specific for p38�, suggesting that
p38� kinase activity is necessary for
the induction of M-USF-1. Compa-
rable results are obtained following
UV, H2O2, and hydroxyurea treat-
ment (Fig. 2B and data not shown).
These results suggest that M-USF-1
contains at least one phosphoryla-
ted residue and thus can possibly be

purified according to its phosphorylation state using a specific
phosphoprotein affinity purification column. Western blot
analysis of the purified fractions revealed that M-USF-1 is
indeed retained specifically by the column (PP fraction) and
co-purified with phosphorylated (active) p-38 kinase (P-p38),
while unphosphorylated p-38 kinase is present in the flow-
through fractions (Fig. 2C). To identify any additional modifi-
cations participating in the low mobility shift of the M-USF-1
protein, we performed two independent immunoprecipitations
of USF-1 forms in mycoplasma-contaminated 501mel cells
(Fig. 2D, 1 and 2), using the anti-USF-1-specific antibody.
Under such conditions, M-USF-1 is the predominant form
present in the cell. Given the role of lysine acetylation (22) in
regulation of gene expression, we analyzed the immunoprecipi-
tated M-USF-1 for modifications on lysine residues. The
immunoprecipitations confirmed thatM-USF-1 is phosphoryl-
ated on TP residues by using anti-phospho-Thr/Pro-antibody

FIGURE 2. Implication of p38 pathway in M-USF-1 form and identification. Western blot analysis of 501mel
cell extracts after cells treatment using anti-USF-1, anti-USF-2, anti-P-p38, and anti-�-tubulin or anti-Lamin B
antibodies as loading control. A, cells recovered 24 h post-stress stimulation (MMS, 0.2 mM), in the presence or
not of specific kinase inhibitors, added to the cell culture 1 h prior to the MMS stimulation. B, pretreated 501mel
cells with the p38-specific kinase inhibitor (SB 203580, 10 �M) 1 h prior to UVB (80 J/m2) stimulations.
C, purification of the phosphoprotein fraction of mycoplasma-infected BLM1492 cells using the PhosphoPro-
tein purification kit (Qiagen�). Aliquots of total cell extract, wash 1 and 2 (W1 and W2) and purified phospho-
protein (PP) fractions were resolved on SDS-PAGE and analyzed by Western blotting analysis using anti-USF-1
Ab (Santa Cruz Biotechnology), p38 Ab (Cell Signaling), and P-p38 Ab (Cell Signaling). D, immunoprecipitations
of USF-1 were performed on total cell extract from 501mel cells highly contaminated with mycoplasma, using
specific anti-USF-1 Ab. In these cells, M-USF-1 protein is mainly present and thus facilitates the identification of
post-translational modification of M-USF-1 by Western blot analysis. We load into the gel two different con-
centrations of recovered protein (high: 1, low: 2) to distinguish the different post-translational modifications of
USF-1. E, Western blot analysis of Mycoplasma-infected BLM1492 cells, obtained 12 h after stimulation in the
presence of different concentrations the specific deacetylases inhibitor trichostatin A (0 –10 �M).
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and also potentially acetylated by Western blotting using anti-
acetyl lysine antibodies. No ubiquitin residue could be observed
using an anti-ubiquitin-antibody (Fig. 2D). Furthermore,
mycoplasma contaminated BLM1492 cells, presenting only the
M-USF-1 form in Western Blot analysis and treated with an
increasing amount of the specific deacetylase inhibitor tricho-
statin A, led to an increasing abundance of M-USF-1 that cor-
related to the amount of trichostatin A used, supporting the
notion that M-USF-1 is acetylated (Fig. 2E).
M-USF-1 Is Acetylated on Lysine 199—To identify the acety-

lated lysine(s) present in M-USF-1, several lysines within the
protein at relevant positions were replaced by arginine (K�R)
(Fig. 3A) from theWTUSF-1 SV5-tagged recombinant protein.
These mutations prevent physiological acetylation of the
recombinant transcription factor at the targeted amino acid
position. The impact of the different mutations on the mobility
of WT or mutated USF-1 was examined by Western blotting
following transfection of the corresponding epitope-tagged
expression vectors into 501mel cells treated or not byUVB (400
J/m2) (Fig. 3B). Under normal conditions, WT and mutated
recombinant USF-1 proteins display identical mobility, with
the exception of the T153E mutant that leads to a reduced
mobility by SDS-PAGE and mimics the mobility of P-Thr-153
USF-1 as previously shown (13). After UVB treatment, we can
distinguish the different post-translational modifications of the

transcription factor, andWT andUSF-1 singlemutants K188R,
K214R, K286R, K288R, or K306R, are resolved into three closed
bands of various intensities corresponding to M-USF-1,
P-T153-USF-1, and native USF-1 forms. By contrast, the
K199R-USF-1mutant displayed only twopoorly resolved bands
corresponding to P-T153-USF-1 and native USF-1. Signifi-
cantly, the T153A-USF-1 mutant resolved as a single band cor-
responding to native USF-1. Comparable results were obtained
4 h after H2O2 (1 mM) treatment of 501mel cells (data not
shown). To characterize further the nature of the modification
occurring on Lys-199 in response to stress, we immunoprecipi-
tatedWTUSF-1 and the T153A and K199R mutants following
transfection of the corresponding expressing vectors into BLM
1492 cells and subsequently subjected the cells to UVB stimu-
lation (400 J/m2) (Fig. 3C). As expected, WT-USF-1 displayed
three bands, the T153A mutant only one, and the K199R
mutant only two. Acetylation was detected only with
WT-USF-1, when theM-USF-1 formwas present, but not with
the T153A or K199Kmutants. Taken together, the data suggest
that under severe stress conditions USF-1 is acetylated on Lys-
199 following phosphorylation of Thr-153.
Specific in Vivo and in Vitro Interaction of M-USF-1 with

DNA—To investigate the role of M-USF-1, we concomitantly
examined native USF-1 and M-USF-1 subcellular localization
in fractionated cell extracts. As shown in Fig. 4A, M-USF-1, like

FIGURE 3. Modification of M-USF-1 corresponds to acetylation on Lysine 199. To identify the potential position of the M-USF-1 modifications, lysine
residues were mutated to arginine. A, structure and position of the mutated lysines. B, wild type (WT) and mutated (T153E, T153A, K188R, R199R, K214R, K286R,
K288R, and K306R) recombinant USF-1 proteins transiently expressed in 501mel cells, followed by UVB induction (400 J/m2) or not, were resolved on an
SDS-PAGE and analyzed using SV5-tagged antibody. Previous to the induction, sodium butyrate (deacetylase inhibitor, 10 mM final) was added to the culture
medium. Anti-Lamin B was used as loading control. C, immunoprecipitation of WT, T153A, and K199R recombinant proteins expressed in BLM 1492 mycoplas-
ma-positive cell line using anti-USF-1 antibody. The presence of post-transcriptional modifications in response to stress stimuli (mycoplasma infection) was
analyzed by Western blot using anti-SV5, and anti-acetylated K antibodies.
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FIGURE 4. M-USF-1 interacts in vivo and in vitro with DNA. A, Western blot analysis (anti-USF-1 antibody) of fractionated cell extract, obtained 12 h after stress
stimulation (MMS, 0. 2 mM). B, Western blot analysis is performed on ChIP extract to confirm that M-USF-1 was exclusively present in MMS-treated cells.
C, schematic representation of human POMC, MC1R, TYR, CCNB1, CDC2, TERT, and HSP70 promoters. E-box motifs are shown as gray rectangles. Positions of PCR
primers (34) used for chromatin immunoprecipitation assays are shown relative to the start sites of each promoter, and are centered on each E-box motif,
except for HSP70 primers. D, ChIP assays are performed on 501mel cells, which were stimulated or not with MMS (0.2 mM for 24 h), using anti-USF-1 antibody
or nonspecific IgG. Recovered DNA was subjected to PCR using specific primers of each promoter. Specific primers for the Hsp70 promoter gene were used as
negative control. E, DNA-binding mobility assay were performed in the presence of mycoplasma-free (Ctr) and contaminated BLM 1492 whole cell extracts and
following transfection of different USF-1 mutants in 501mel cells, using both concensus Mbox and derivated Ebox for TYR promoter-labeled probes. USF-1 is
shifted with specific anti-USF-1 or anti-SV5 FLAG antibodies, and competition is performed with cold probes.
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native USF-1, is exclusively present in the nuclear fraction of
treated cells (0.2 mM for 12 h). To analyze the interaction of
M-USF-1 with promoters for genes that are known to be regu-
lated by USF-1 (POMC, MC1R, TYR, CCNB1, CDC2, and
TERT) after binding of specific E box (Fig. 4C), we performed
chromatin immunoprecipitation (ChIP) assays using the USF-
1-specific antibody (13) and treated cells presenting exclusively
the M-USF-1 form (to avoid USF-1 and P-USF-1 background).
Untreated cells were used as positive control. Western blot
analysis confirmed that in these experiments the M-USF-1
form is exclusively present in ChIP extracts, when 501mel cells
are treated with MMS (0.2 mM-24 h) (Fig. 4B). In vivo interac-
tions of USF-1 and M-USF-1 with the POMC, MC1R, TYR,
CCNB1,CDC2,TERT, andHSP70promoterswere evaluated by
PCR amplification using promoter-specific primers. The
results indicate that M-USF-1 interacts specifically with
POMC, MC1R, TYR, CCNB1, CDC2, and TERT promoters,
which all possess E-box regulatory elements, whereas no inter-
action is found with HSP70 promoter, which lacks an E-box
motif. Finally, no PCR product was observed after immunopre-
cipitation using nonspecific IgG (Fig. 4D).

We next used an in vitro DNA binding assay (Fig. 4E) to
evaluate the direct interaction of both native and modified
endogenous USF-1, with the canonical M-box motif (CAT-
GTG) present in the TYR gene promoter and the derivative
E-box (CACGTG). As shown in Fig. 4E, both native and phos-
pho-acetylated USF-1 forms are able to bind canonical E-box
andM-box sequences, albeit a weaker signal is observed for the
phospho-acetylated USF-1-M-box complex. According to the
in vitro competition assays, WT and K199R recombinant
USF-1 proteins bind also specifically to both E-box and M-box
sequences. Although, a weaker signal is again observedwith the
M-box and the K199R mutant, comparable complexes are
detected for the others (WT USF-1 and both M- and E- boxes,
K199R mutant and the E-box).
M-USF-1 Transcriptional Function—To investigateM-USF-

1 transcriptional function, we analyzed endogenous gene
expression levels of USF-1 target genes in 501mel cells by real-
time RT-PCR followingMMS stimulation (0.2 mM) over a 12-h
time course. As shown in Fig. 5A, a 5- to 15-fold induction of
transcript level was observed for pigmentation (TYR, POMC,
andMC1R), and cell cycle genes (CCNB1,CDC2, andTERT) 5 h
post cell stimulation, correlating with the appearance of
P-T153-USF-1 (Fig. 5B). By contrast, when the M-USF-1 form
starts to appear during stress response, 12 h post-MMS stimu-
lation, the transcript levels return to the levels observed prior to
MMS treatment. Interestingly, although, USF-1 protein is sub-
jected to various post-translational modifications, USF-1
mRNA levels remain constant under these cell conditions.
Comparable results are obtained in presence of highUVBdoses
(400 and 800 J/m2), when Phospho-acetylated USF-1 is present
(data not shown).
To gain further insight inM-USF-1 transcriptional function,

we performed luciferase assays using 501mel cells co-trans-
fected with the USF-1 responsive TYR promoter (�300/�80)
linked to the luciferase reporter gene (Tyr-Luc) and various
pCMV-USF-1 expression vectors. Transfected cells were also
subjected to various level of stress treatment (H2O2) (Fig. 5C).

Basal activation of the TYR promoter is observed in the pres-
ence of WT-USF-1, and significant increase (asterisk) is
observedwhenWT-USF-1 transfected cells are stimulatedwith
H2O2 (200 �M H2O2). Increased expression is concomitant
with the appearance of the P-153-USF-1modification. Compa-
rable luciferase activity was observed in the presence of the
T153E USF-1 mutant mimicking the active phosphorylated
form. Although the T153A mutant presents no transcriptional
activity compared with the WT as previously reported. When
transfected cells are stimulated with higher H2O2 doses (1mM),
leading to the appearance of phospho-acetylated recombinant
USF-1 protein, transcription is reduced, being slightly lower
than basal, and significantly different frommild treatment (200
�M H2O2). To confirm that acetylation of Lys-199 was respon-
sible for down-regulating gene expression, we used the K199R
mutant that cannot be anymore acetylated on the targeted
lysine. We show that, in the absence of cellular stress, the
K199R USF-1 mutant activates the TYR promoter as WT-re-
combinantUSF-1, whereas in presence ofmildH2O2 treatment
(200 �M H2O2) luciferase activity is significantly increased,
comparable to T153E promoter activation, and corresponds to
the appearance of the phospho-K199R-USF-1 form. When
K199R-transfected cells are stimulated with higher H2O2 doses
(1 mM), promoter activation remains comparable to the one
observed with mild treatment, K199R-USF-1 phosphorylation
is still present, and no acetylation is observed. Transcriptional
activation is thus significantly different from WT promoter
activation following high H2O2 doses (1 mM) treatment. We
also confirmedby luciferase assays that the acetylation ofUSF-1
is associated with loss of transcriptional activity. Indeed, when
transfected-501mel cells are treated with trichostatin A (0.1 to
10�M, 12 h), total acetylation of endogenousUSF-1 (after 1mM

H2O2 treatment) correlates with a decrease of transcription of
TYR promoter luciferase reporter (�300/�80) (Fig. 6A). Also,
after transfection of recombinant USF-1 proteins, phosphoryl-
ation of recombinant-USF-1 were associated with an increase
of TYR transcription (200 �M H2O2), whereas the acetylated
recombinant form prevented transcription activation. Acetyla-
tion maintenance with trichostatin A treatment further
decreased the transcription level. Abrogation of acetylation
modification, with K199RUSF-1 recombinant protein, pre-
vented transcription inactivation (Fig. 6B). Taken together, loss
of Lys-199 acetylation correlated with the loss of transcription
down-regulation.

DISCUSSION

The ubiquitously expressed USF-1 transcription factor plays
major roles in regulation of gene expression with P-T153-
USF-1mediating an early stress response following direct phos-
phorylation by the p38 stress-activated kinase (13). However,
little is known of USF-1 post-translational modifications and
functions in response to increasing environmental stress. In
this study we identify a novel 47-kDa USF-1 post-translational
modified form and show that 47-kDa USF-1 is acetylated in a
phospho-Thr-153-dependent manner in response to various
stress stimuli. Indeed, several lines of evidence support the fact
that 47-kDa USF-1 comprises phospho and acetyl modifica-
tions. These include immuno-analysis of the immunoprecipi-
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tated 47-kDa USF-1 using antibod-
ies raised against phosphorylated
threonine and acetylated lysine, the
use of specific inhibitors (SB203580,
SB202190, and trichostatin A), and
the purification of the 47-kDa
USF-1 using a phospho-affinity col-
umn. Mutagenesis revealed that
Lys-199 is the acetylated target res-
idue and that phosphorylation of
Thr-153 is required for Lys-199
acetylation. The appearance of the
phospho-acetylated USF-1 form is
thus a two-step process in response
to a wide range of stress inducers:
DNA damage, oxidative stress,
heavy metal exposure, and biologi-
cal infections. However, the kinetics
of appearance of USF-1 post-trans-
lational modification is largely
dependent on stress type, stress
level, and cellular context. Indeed,
although a stepwise process is nec-
essary to obtain the phospho-acety-
lated form, under very high stress or
prolonged induction the phospho-
acetylated form can be the only one
present.Whenmild stress is applied
the three forms tend to be in a
tight equilibrium that can be dis-
rupted easily, maintaining cell
homeostasis.
Acetylation is known tomodulate

gene expression by affecting directly
transcription factors, transcrip-
tional activities, and DNA binding
affinities (23, 24), by interfering also
with their stability and their interac-
tions with other proteins (25–27),
or by modulating their sub-cellular
localization and subsequently their
transcriptional role (28). Phospho-
acetylated USF-1 remains nuclear
and binds in vivo and in vitro to
E-box (CANNTG)-containing pro-
moters. However, phospho-acety-
lated-USF-1 displays distinct bind-
ing capacities according to the
nature of the E-box sequences
(CACGTGorCATGTG), a reduced
binding being observed with the lat-
ter (M-box). Transcriptional capac-
ity of phospho-acetylated USF-1 is
also altered. Indeed, real-time PCR
analysis quantifying the endoge-
nous mRNA level of USF-1 target
genes, presenting either M-box or
E-box cis-acting elements, indicates

FIGURE 5. Transcriptional activity of the M-USF-1 form. Expression level of USF-1 target genes were
analyzed under specific stress conditions, using quantitative reverse transcription-PCR. A, gene expres-
sion levels of USF-1 target genes (pigmentation genes: POMC, MC1R, and TYR and cell cycle genes: CCNB1,
CDC2, and TERT) were analyzed by real-time PCR over a single time course (12 h) using MMS-treated (0.2
mM) 501mel cells. USF-1 expression level, which remains constant over the 12-h induction, was used as the
calibrator gene and the non-induced condition as the reference. B, Western blot analysis of USF-1 phos-
phorylation state (anti-USF-1 Ab, Santa Cruz Biotechnology), was performed on protein samples prepared
from 501mel cells, respectively, over the 12-h time course after MMS stimulation. C, luciferase assays with
PGL3-TYR promoter (�300/�80) in the presence of different constructs for USF-1 after or not treatment
by different doses of H2O2 (200 �M and 1 mM), which, respectively, induces activation of USF-1 by phos-
phorylation of Thr-153 and apparition of M-USF-1, confirmed by Western blot analysis of 501mel cells
extracts 48 h after cotransfection, were performed in 501mel cells to analyze the transcriptional activity of
USF-1 after modification.
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that the presence of phospho-acetylated-USF-1 correlates with
no induction of targets gene mRNA level. P-T153-USF-1 cor-
relates with an increase ofmRNA target genes implicated in the

pigmentation pathway (POMC,
MC1R, and TYR) (12, 13) and cell
cycle regulation (CCNB1, CDC2,
and TERT) (8, 29). In vitro tran-
scription assays also support these
data, linking directly phospho-
acetylation of USF-1 modification
to gene down-regulation. We
believe that, in the case of an
M-box-containing promoter (CAT-
GTG: TYR), acetylation of Lys-199
could also modulate DNA binding
affinity and add to the loss of target
gene expression. Indeed, the acety-
lated residue, just upstream from
the basic region involved in specific
DNA recognition and binding,
could affect de novo USF-1-DNA
interactions in respect to definite
target sequence, modulating amino
acid and nucleotide-specific con-
tacts (30). However in the case
of E-box containing promoters
(CACGTG: CCNB1, CDC2, and
TERT), where DNA binding is not
affected, distinct or complementary
mechanismswould occur, including
protein-protein interactions.
USF-1 is a master transcriptional

regulator, mediating the recruit-
ment of enzymes (histone acetyl-
transferase and histone methyl-
transferase) that modify histones
allowing chromatin remodeling and
opening and maintaining also the
chromatin barrier, which subse-
quently promotes DNA loading of
the transcription machinery and
transcription activation (31, 32).
Transcription is completed by the
interaction of USF-1 with members
of the Pre-initiation complex
(TFIID and TAFs) (33) and with
specific transcription factors (SP1
and MTF1) leading to coopera-
tive transcriptional up-regulation
(34, 35). Histone acetylations have
been known for decades (36), and
histone acetyltransferases (PCAF
andCREB-binding protein etc.) that
do catalyze histone acetylation, are
also reported tomodify non-histone
substrates (p53), including mem-
bers of the basic-helix-loop-helix
families (MyoD and c-Myc) modu-

lating their functions (23, 26, 37, 38). According to cell context,
chromatin could be silenced by direct acetylation of the
preformed active USF-1-euchromatine complex in a histone

FIGURE 6. Phospho-dependant acetylation of USF-1 is associated with a decrease of transcriptional
activity. A, luciferase assays with PGL3-TYR promoter (�300/�80) after or not treatment by different doses of
H2O2 (200 �M and 1 mM), which, respectively, induces activation of USF-1 by phosphorylation of Thr-153 and
apparition of M-USF-1 in the presence of different doses of trichostatin A, confirmed by Western blot analysis
of 501mel cells extracts 48 h after cotransfection. B, luciferase assays with PGL3-TYR promoter (�300/�80) in
the presence of different forms of USF-1 after or not treatment by different doses of H2O2 and trichostatin A.
Phosphorylation and acetylation is confirmed by Western blot analysis.
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acetyltransferase-dependent manner, on Lys-199 protruding
just out of the CACGTG-DNA binding complex, abrogating
then the interaction of USF-1 with transcriptional cofactors
(39). In accordance, USF-1 protein is described to lose tran-
scriptional activity in breast cancer cell lines, whereas normal
human mammary epithelial cells are not affected (40) and
recombinant USF-1 protein lacks transcriptional activity in
Saos-2 cells while it remains active in HeLa cells (41). Taken
together those biological data support our results and indicate
that USF-1 transcriptional activity is regulated and dependent
on cell context.
Cell context and environmental signals modulate tightly

gene expression for adaptive issues, with sequential up and
down-regulation of gene expression. In this context we believe
that the USF-1 transcription factor is a key sensor of stress
signaling, proceeding in a two-step model (Fig. 7). The USF-1
modifications appears in response to various stimuli, including
cadmium and arsenic heavy metals stimulation, oxidative
stress, andDNAdamage, allowing regulation of specific related
target genes, respectively: COX2,HO1, TP53, and BRCA2 (42–
45). Similarly, USF-1 protein is modified upon virus infection,
and viral genes are direct USF-1 targets (46). This suggests that
stress-induced USF-1 forms participate in stepwise regulation:
comprising a first positive step, followed by a second negative
one, when stress is above a critical threshold (Fig. 7). The con-
trol of post-translational modification of USF-1 is accurately
regulated and balanced.Althoughphosphorylation ofUSF-1 on
Thr-153 occurs tightly after low level of stress and is easily

reversible, phospho-dependent acetylation of USF-1 on Lys-
199 requires a high level of stress leading to a massive modifi-
cation of the transcription factor with serious consequences for
transcription regulation and cell issue. Indeed, in normal cells,
low levels of stress, compatible with life, results in positive gene
regulation as a cell cycle control, tanning response, whereas
excess of stress induces gene silencingwith subsequent apopto-
sis of normal cells or uncontrolled proliferation of malignant
cells. Tumor progression is reported to present abnormal levels
of oxidative stress (14, 47–48), which would favor the appear-
ance of the phospho-acetylated USF-1 form compatible with
loss of USF-1 transcriptional activity observed in breast cancer
cell lines (40).
The identification of this new phospho-acetylated USF-1

modification in response to critical levels of stress, with new
regulatory properties, highlights the dual functions of the
USF-1 transcription factor, giving new insight in USF-1 target
gene regulation networks in regards to environmental cell con-
ditions, including DNA damage and cancer development.
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